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PhotocatalysisDispersive carbon-coupling ZnO particles (C/ZnO) with smaller particle sizes and higher speciﬁc surface area
were produced using a method combining precipitation and combustion techniques. Glucose was added in
the production procedure to act as fuel to conduct combustion reaction and as source to form tiny carbon par-
ticles in the C/ZnO. Physical and chemical properties of the prepared C/ZnO particles were investigated and
photocatalytic abilities of these particles to photocatalytically decompose the methylene blue in water
under 365-nm UV light irradiation were kinetically studied. The prepared C/ZnO particles exhibited higher
photocatalytic ability than the ZnO particles and the P25. The C/ZnO particles calcined at 900 °C possessed
the best photocatalytic performance and had a reaction rate constant (km) of 0.859 L·(g·min)−1, which
exhibited much higher photocatalytic ability than the ZnO calcined at 700 °C (km=0.326 L·(g·min)−1)
and the P25 (km=0.371 L·(g·min)−1).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
ZnOwith a hexagonalwurtzite structure is an n-type semiconductor
material, which has wide-bandgap energy of 3.37 eV and exciton bind-
ing energy of 60 meV. ZnO, aside fromTiO2, has been considered as a
promising material for puriﬁcation and disinfection of water and air,
and remediation of hazardous waste, owing to its high activity,
environment-friendly feature and lower cost [1–6]. Several methods
have been used to prepare ZnO particles, such as precipitation [7–10],
hydrothermal method [11–15], and spray pyrolysis [16–19]. In the
application of ZnO photocatalyst, one major problem faced is the fast
recombination rate of the photoinduced electrons and electron holes
[20,21], which leads to a reduction of photocatalytic activity of the
ZnO. Some efforts have been made to improve the photocatalytic activ-
ity of ZnO by coupling ZnOwithmetal ormetallic oxide, like Ag [22–24],
SnO2 [25,26], Cu2O [27] and TiO2 [28]. ZnO photocatalysts coupled with
metal or oxide may retard their electron–hole recombination rates by
trapping the photoinduced electrons in the coupling phase and conse-
quently could promote the photocatalytic abilities.
In this study, we proposed a simple method combining precipita-
tion and combustion techniques to prepare carbon-coupling ZnO
nanoparticles (C/ZnO). Glucose was used as fuel to carry out the
required combustion reaction and as source to form tiny carbon parti-
cles to produce dispersive C/ZnOnanoparticleswith high photocatalytic
reactivity. The characteristics and photocatalytic activities of the C/ZnOMaterials Engineering, Ceramic
aiwan. Tel.: +886 2 26219473;
rights reserved.particleswere investigated andwere compared to those of the ZnOpar-
ticles without carbons coupling (ZnO) and the P25 (a commercial TiO2
photocatalyst product; Degussa, Germany).
2. Experimental detail
2.1. Sample preparation
Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99% purity, Showa) was
dissolved in distilled water to form an aqueous solution of 0.2 M.
NH4OH (28 wt.%, Tedia) was then added dropwise to the stirred aque-
ous solution until pH=8. After being continuously stirred for 1 h, the
solid precipitates were collected by centrifugal ﬁltration and were
dried in an oven at 90 °C. Themixture containing the dried precipitates,
distilled water and glucose (C6H12O6, 98% purity, Showa), in weight ra-
tios of precipitates: distilled water: glucose=1: 1.7: x (where x=0 or
0.85), was ball-milled for 12 h, followed by drying at 90 °C. The added
glucose acted as fuel to carry out combustion reaction at the
follow-up thermal treatment. The dried ZnO precursor (i.e., x=0) and
the C/ZnOprecursor (i.e., x=0.85)were then heated up, in amufﬂe fur-
nace, to different temperatures and isothermally treated at the designed
temperature for 3 h.
2.2. Characterization
Thermal behavior of the ball-milled particles was investigated
using a thermal analyzer STA 499F3 (Netzsch, Germany), which is
capable of performing thermogravimetric analysis (TG) and differential
scanning calorimetry (DSC) simultaneously for the same sample. The
crystalline phases and crystal structure existing in the specimen were
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Fig. 1. (a) TG and DSC curves, operating at 4 °C/min heating rate and 30 mL/min air
ﬂow, of the ZnO precursor and (b) XRD patterns of the ZnO precursor dried or heated
at different temperatures.
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0.154056 nm; D8A; Bruker, Germany). Average crystallite sizes of the
obtained ZnO particles were estimated by employing Scherrer's equa-
tion in the corresponding proﬁles of the (101) XRD peak for ZnO. Mor-
phologies and sizes of the particles and the crystallites were observed
using scanning electron microscopy (SEM; LEO 1530, Carl Zeiss, USA)
and transmission electron microscopy (TEM; H-7100; Hitachi, Japan).
Speciﬁc surface areas of the calcined specimens were measured using
an automated BET sorptometer (Porous Materials, USA), operated at a
liquid-nitrogen temperature of around−196 °C. To examine the effect
of the coupling carbons on the electron–hole recombination rate of the
photo-excited ZnO, photoluminescence (PL) spectra of the specimens
were measured using a ﬂuorescence spectrophotometer (Hitachi
F-2500, Japan), which used Xe lamp as excitation source at room
temperature.
2.3. Photocatalytic activity determination
Photocatalytic activities of the ZnO and the C/ZnO particles were
estimated by examining their abilities to photocatalytically decompose
the MB in water. In a dark chamber, the tested particles of 0.01 g were
dispersed in the aqueous solution of MB (10 μM, 200 mL) and the
suspension so obtained was vigorously stirred for 10 min to attain
the adsorption–desorption equivalence of MB on catalyst, which
was conﬁrmed by observing the change of concentration of the MB(aq)
using ultraviolet–visible spectroscopic analysis (UV–vis; Unicam
UV500; Thermospectronic, UK). Then, the tested particleswere irradiat-
ed using 365-nm ultraviolet (UV) lamps (8 W×2, Great Tide Instru-
ment, Taiwan). The reaction system was maintained at about 25 °C.
After every 5 or 10 min UV exposure, 3 mL of the testing MB solution
was sampled and was subjected to UV–vis analysis. The absorbance of
the MB characteristic band at 664 nm in the obtained UV–vis spectrum
wasused to determine the concentration ofMB in the solution. The con-
centration changes of MB(aq) with time under the conditions described
above were recorded and examined to determine the photocatalytic
activities of the prepared nanoparticles. The speciﬁc reaction rate of
photocatalyst used (km) for photocatalytical degradation of MB under
365-nm UV light was estimated [29] and was used as an index of pho-
tocatalytic activity of the prepared photocatalyst.
3. Results and discussion
3.1. Thermal behavior
Fig. 1(a) shows the TG & DSC curves of the ZnO precursor. The ZnO
precursor on the course of heating experienced ﬁve major endother-
mic changes and resulted in totally about 34.5% loss in weight. The TG
curve of the ZnO precursor was leveled off at the temperature above
300 °C. The ﬁrst endothermic change (the DSC peak with a peak tem-
perature of 42 °C) was due to evaporation of the physical adsorbed
water. To examine the composition changes caused by the other four
endothermic changes, the ZnO precursor was heated up to the
predesigned temperatures, without thermal soaking, and the resultant
particles were XRD-examined. Fig. 1(b) gives the XRD patterns of
the ZnO precursor dried or heated at 90 °C, 170 °C and 300 °C. The
major crystalline phases detected in the specimens were Zn5(NO3)2
(OH)8·?H2O (ICDD # 24-1460) and Zn3(OH)4(NO3)2 (ICDD # 52-0627)
at 90 °C, Zn3(OH)4(NO3)2 at 170 °C and ZnO (ICDD # 65-3411) at
300 °C. Based on the results shown in Fig. 1, the major reactions that oc-
curred during the heating of the ZnO precursor are proposed as follows:
at 90–152 °C (corresponding to the DSC peaks at 107 °C and 127 °C
in Fig. 1(a))
Zn5 NO3ð Þ2 OHð Þ8⋅?H2O sð Þ→Zn5 NO3ð Þ2 OHð Þ8 sð Þ þ ?H2O vð Þ↑ ð1ÞZn5 NO3ð Þ2 OHð Þ8 sð Þ→Zn3 OHð Þ4 NO3ð Þ2 sð Þ þ 2Zn OHð Þ2 sð Þ ð2Þ
at 152–222 °C (corresponding to the DSC peak at 202 °C in Fig. 1(a))
Zn3 OHð Þ4 NO3ð Þ2 sð Þ→ZnO sð Þ þ 2Zn OHð Þ2 sð Þ þ N2O5 gð Þ↑ ð3Þ
at 222–300 °C (corresponding to the DSC peak at 247 °C in Fig. 1(a))
Zn OHð Þ2 sð Þ→ZnO sð Þ þ 2H2O vð Þ↑: ð4Þ
Heating the ZnO precursor at temperatures above 300 °C produces pure
crystalline ZnO with a hexagonal wurtzite structure.
Fig. 2(a) gives the TG & DSC curves of the C/ZnO precursor. During
heating, the C/ZnO precursor undertook four endothermic changes and
one strong exothermic change, which caused totally about 61.5% loss in
weight. XRD analysis (see Fig. 2(b)) indicated that the major crystalline
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Fig. 2. (a) TG and DSC curves, operating at 4 °C/min heating rate and 30 mL/min air
ﬂow, of the C/ZnO precursor and (b) XRD patterns of the C/ZnO precursor dried or
heated at different temperatures.
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203H.-F. Yu, H.-Y. Chou / Powder Technology 233 (2013) 201–207phases existing in the dried or heated C/ZnO precursor were Zn5
(NO3)2(OH)8·?H2O at 90 °C and Zn3(OH)4(NO3)2 at 180 °C; above
210 °C, the C/ZnO precursor started to transform to crystalline ZnO.
Fig. 3 shows the TG & DSC curves of glucose. It indicated that glucose
started to melt at 143 °C (the DSC peak with the peak temperature at
163 °C) and began to caramelize and/or decompose at about 178 (the
DSC peak with a peak temperature of 203 °C), which companied with
about 12% loss inweight. Above 270 °C, two successive strong oxidation
reactions (combustions) were taken place in the glucose specimen.
The ﬁrst oxidation reaction (the DSC peak with a peak temperature of
342 °C in Fig. 3) should be due to the carbonization of the specimen
and the second one (the DSC peak with a peak temperature of 483 °C
in Fig. 3) should be ascribed to the oxidation of residual carbons to
form carbon dioxide. After the second oxidation reaction, all of the re-
sidual carbons were burned out and the TG curve was reached to zero
weight.Effects of glucose addition on the thermal behavior of the C/ZnO
precursor were investigated by comparing the TG & DSC curves and
the XRD patterns of the C/ZnO precursor (Fig. 2) with those of the
ZnO precursor (Fig. 1) and glucose (Fig. 3). Adding glucose to the
solid precipitates can prevent the formation of Zn3(OH)4(NO3)2
during ball-milling step. During heating, the major reaction steps of
the C/ZnO precursor below 325 °C were similar to those of the ZnO
precursor (i.e., Eq. (1)–Eq. (4)); however, the temperature range of
each change became broader, which was due to the existence of glu-
cose melt and its derivatives. Above 325 °C, the combustion (a strong
exothermic reaction) occurred in the C/ZnO precursor (the DSC peak
with a peak temperature of 388 °C in Fig. 2(a)) was ascribed to the
glucose addition. Unlike the thermal behavior of glucose (see the
DSC curve in Fig. 3), only one exothermic peak was detected in
the DSC curve of the C/ZnO precursor. It was suspected that the
added glucose in the C/ZnO precursor underwent only carbonization
at temperature range from 325 °C to 460 °C and formed stable
carbons in the specimen. To verify the existence of carbons in the
C/ZnO calcined at temperatures above 460 °C, the calcined C/ZnO
particles were examined by TEM with elemental mapping. Fig. 4, for
instance, shows the TEM image and its elemental mappings of Zn, O
and C of the C/ZnO at 900 °C. The ZnO crystallites (the dark and big
ones in the TEM image) are surrounded by loose carbon tiny particles
(the light gray particles in the TEM image). Accordingly, the carbon
particles survived the calcination of C/ZnO, even at 900 °C, and some of
these tiny carbon particleswere coupled to the ZnO crystallites. The addi-
tion of glucose in the production procedure can produce carbon-coupling
ZnO particles.
3.2. Powder characteristics
XRD analysis indicated that the ZnO and the C/ZnOparticles calcined
at temperatures ranging from 500 °C to 1000 °C were all composed of
crystalline ZnO monophase with a hexagonal wurtzite structure. Fig. 5
gives the average sizes of the crystallites in the ZnO and the C/ZnO
calcined at different temperatures. Increasing calcination temperature
promoted the growth of ZnO crystallites, but the addition of glucose
in the production procedure produced smaller ZnO crystallites. Fig. 6
is SEM images of the calcined ZnO and the calcined C/ZnO. The particle
sizes of the ZnO and the C/ZnO increased with raising calcination tem-
perature. At the same calcination temperature, the C/ZnO particles
were smaller and more dispersive than the ZnO particles. In the C/ZnO
precursor, the added glucose was uniformly distributed on the surfaces
of the Zn2+-containing precipitates through ball-milling. Heating
the C/ZnO precursor at temperature above 325 °C triggered the com-
bustion of glucose derivatives and produced a large amount of gasses
between the solid particles. The combustion gasses expanded the dis-
tances between the particles and reduced the degree of particle agglom-
eration, resulting in more dispersive particles. Fig. 7 shows the speciﬁc
C/ZnO at 900 oC Zn Ka1 O Ka1 C Ka1_2 
200 nm
Fig. 4. TEM image and its elemental mapping of the C/ZnO calcined at 900 °C.
204 H.-F. Yu, H.-Y. Chou / Powder Technology 233 (2013) 201–207surface areas of the calcined ZnO and C/ZnO particles. The speciﬁc sur-
face area of the ZnO and the C/ZnO specimens decreased with increas-
ing calcination temperature and at the same calcination temperature,
the C/ZnO particles had higher speciﬁc surface area than the ZnO parti-
cles. The results from the speciﬁc surface areameasurement of particles
are in good agreement with those observed from their SEM images.3.3. Photocatalytic abilities
Fig. 8 shows the percentages of theMB(aq) in water photocatalytically
decomposed by the calcined ZnO and the calcinedC/ZnOparticles, aswell
as the P25, after exposing to 365-nm UV light for 30 min. The P25
photocatalytically decomposed 45 mol% of the MB after 30 min. For the
calcined ZnO particles, the photocatalytic ability increased with raising
calcination temperature until 700 °C but greatly decreased when the
calcination temperature was at or above 800 °C. Regardless of the calci-
nation temperature used, the calcined ZnOparticles all had less photocat-
alytic abilities than the P25. On the other hand, the calcined C/ZnO
particles possessed very good photocatalytic abilities to decompose the
MB in water. While the C/ZnO at 500 °C decomposed about 45 mol% of
the MB, which was similar to that of the P25, the photocatalytic ability
of the calcined C/ZnOparticles increasedwith increasing calcination tem-
perature. TheC/ZnOparticles calcined at 900 °C exhibited thebest perfor-
mance, which decomposed 73 mol% of the MB after exposing to 365-nm
UV light for 30 min. The C/ZnO particles calcined at 1000 °C, which
possessed larger particle sizes and smaller speciﬁc surface area, had its
photocatalytic ability slightly lower than those of the C/ZnO particles500 600 700 800 900 1000
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to decompose theMB(aq) were kinetically studied. During photocatalysis,
the concentration changes of MB(aq) with reaction time were recorded
and analyzed. It was found that the concentration of MB in water (CMB),
in all the cases, was exponentially decreased with reaction time (t).
Fig. 9, for instance, shows the changes of CMB with t during the course
of MB photodecomposition catalyzed by the ZnO and the C/ZnO at 500
and 1000 °C, as well as the P25.0 20 40 60 80 100 120
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Fig. 9. Concentration changes of the MB(aq) during the course of photodecomposition
catalyzed by the calcined ZnO and C/ZnO particles, as well as P25.Fig. 10 shows the changes of km with calcination temperature for
the calcined ZnO and C/ZnO, as well as the P25. km for the C/ZnO
increased with calcination temperature until 900 °C, but further
increasing the calcination temperature to 1000 °C caused a decrease
in the corresponding km. The best performance of the calcined C/
ZnO photocatalyst was that of the C/ZnO calcined at 900 °C (km=
0.859 L·(g·min)−1). For the calcined ZnO, the changes of km with
calcination temperature were similar to those of the calcined C/ZnO
but the maximum value of km occurred at 700 °C, which had km=
0.326 L·(g·min)−1. It is known that the reactivity of the semiconduc-
tor photocatalyst is greatly affected by its speciﬁc surface area and
crystallinity. The particle with high degree of crystallinity is com-
posed of large crystallites. The photocatalyst with high speciﬁc sur-
face area or composed of large crystallites will exhibit better
photocatalytic activity [29]. Raising the calcination temperature will
increase the size of ZnO crystallites (see Fig. 5) but will decrease the
speciﬁc surface area of the particles (see Fig. 7). Fig. 10 indicates
that the optimum conditions to prepare the ZnO and the C/ZnO
with the highest photocatalytic performance are to calcine the ZnO
precursor at 700 °C and the C/ZnO precursor at 900 °C. Regardless
of the calcination temperature used, all the calcined C/ZnO particles
possess much better photocatalytic activity than the calcined ZnO
and the P25.
As mentioned before, loose carbon tiny particles were surrounded
and attached to the ZnO crystallites in the calcined C/ZnO specimens.
To recognize the effect of these tiny carbon particles, other than the ef-
fects of the speciﬁc surface area and crystallite size of ZnO particles, on
the photocatalytic activity of ZnO, the km values of the ZnO calcined at
500 °C (average ZnO crystallite size=52 nm, speciﬁc surface area=
36 m2/g) and the C/ZnO calcined at 800 °C (average ZnO crystallite
size=54 nm, speciﬁc surface area=34 m2/g)were compared. Although
these two specimens were all composed of wurtzite–ZnO crystallites
with similar crystallite size and speciﬁc surface area, the reaction rate
constant of the C/ZnO at 800 °C (km=0.815 L·(g·min)−1) was much
higher than that of the ZnOat 500 °C (km=0.209 L·(g·min)−1), indicat-
ing that carbon tiny particles attached on the surface of ZnO crystallites
can greatly enhance the photocatalytic activity of ZnO. It was suspected
that after UV light irradiation, the photo-induced electrons in the C/ZnO
were transferred to and trapped into the attached carbon particles,
resulting in the reduction of recombination rate of the photoinduced
electron–hole pairs and the enhancement of photocatalytic activity of
the specimen. The PL spectra of nanostructured semiconductor mate-
rials are relative to transfer behavior of the photoinduced electrons
and holes, so that the intensities of the PL peaks reﬂect the separation
and recombination of the photogenerated carriers [22,23]. Fig. 11
shows the PL spectra of the ZnO at 500 °C and the C/ZnO at 800 °C. It
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Fig. 11. PL emission spectra of the ZnO calcined at 500 °C and the C/ZnO calcined at 800 °C.
206 H.-F. Yu, H.-Y. Chou / Powder Technology 233 (2013) 201–207is clear that the intensity of the PL peak at 493.6 nm for the C/ZnO at
800 °C is smaller than that for the ZnO at 500 °C, which conﬁrms that
the carbon-coupling ZnO particles (i.e., the calcined C/ZnO) has lower
recombination rate of the photoinduced electron–hole pairs and gives
higher photocatalytic ability than the ZnO particles.
To examine if the carbon nanoparticles could be secured on the
surface of ZnO particles in the C/ZnO, the C/ZnO powder calcined at
900 °C of 0.01 g was tested for its photocatalytical ability and the
powder was recollected. The recycled powder was retested for its
photocatalytical ability. Fig. 12 shows values of the corresponding
km for each time test. It indicates that the photocatalytic ability of
the recycled powder is similar to that of the fresh ones. The differ-
ences in the value of km between all these tests were less than 1%.
This result implies that the carbon nanoparticles in the C/ZnO were
ﬁrmly attached on the surfaces of ZnO particles.
4. Conclusions
A method combining precipitation and combustion techniques
was used to prepare the C/ZnO photocatalysts. By adding glucose to
the production procedure, the obtained C/ZnO precursor experienced
a strong combustion at temperatures above 325 °C. The formed com-
bustion gasses reduced the degree of particle agglomeration and the
residual tiny carbon particles surrounded the zinc oxide crystallites,
resulting in forming dispersive carbon-coupling ZnO particles with
smaller particle sizes and higher speciﬁc surface area. The wurtzite–
ZnO particles with high speciﬁc surface area and loose tiny carbons
attachment to the ZnO crystallite surfaces exhibited high photocatalytic1 2 3 4
0.5
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Fig. 12. The speciﬁc reaction rates (km) for the MB photocatalytical decomposition
using the recycled C/ZnO calcined at 900 °C.ability on UV light irradiation. The calcined C/ZnO particles possessed
much higher photocatalytic abilities than the calcined ZnO particles
and the P25. The C/ZnO particles calcined at 900 °C exhibited the best
photocatalytic performance and had km=0.859 L·(g·min)−1 for pho-
tocatalytic decomposition of theMB inwater under 365-nmUV light ir-
radiation, which its photocatalytic abilities wasmuch higher than those
of the ZnO calcined at 700 °C (km=0.326 L·(g·min)−1) and the P25
(km=0.371 L·(g·min)−1).
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